Abstract: High-grade gliomas continue to have dismal prognosis despite advances made in understanding the molecular genetics, signaling pathways, cytoskeletal dynamics, and the role of stem cells in gliomagenesis. Conventional treatment approaches, including surgery, radiotherapy, and cytotoxic chemotherapy, have been used with limited success. Therapeutic advances using molecular targeted therapy, immunotherapy, and others such as dietary treatments have not been able to halt tumor progression and disease-related death. High-grade gliomas (World Health Organization grades III/IV) are histologically characterized by cellular and nuclear atypia, neoangiogenesis, and necrosis. The expression of vascular endothelial growth factor, a molecular mediator, plays a key role in vascular proliferation and tumor survival. Targeting vascular endothelial growth factor has demonstrated promising results, with improved quality of life and progression-free survival. Bevacizumab, a humanized monoclonal antibody to vascular endothelial growth factor, is approved by the Food and Drug Administration as a single agent in recurrent glioblastoma and is associated with manageable toxicity. This review discusses the efficacy, practical aspects, and response assessment challenges with the use of bevacizumab in the treatment of high-grade gliomas.
Introduction
High-grade gliomas (HGGs) are lethal tumors with a poor prognosis. According to the World Health Organization (WHO) classification, HGGs include all grade III/IV primary brain tumors of astrocytic, oligodendroglial, and mixed cellular lineage. Glioblastoma (GBM) is a WHO grade IV astrocytoma that accounts for 50%-60% of adult astrocytomas and about 12%-15% of intracranial neoplasms.
1,2 Anaplastic gliomas (AGs) (WHO grade III) include anaplastic astrocytoma, anaplastic oligoastrocytoma, and anaplastic oligodendroglial tumors. 3 In this review, the term HGG is used to specifically discuss the role of bevacizumab (BEV) in WHO grade IV tumors or GBMs, with specific reference made to grade III tumors where necessary.
The European Organization for Research and Treatment of Cancer (EORTC)/ National Cancer Institute of Canada trial incorporating temozolomide (TMZ) in GBM treatment resulted in a median survival benefit of 2.5 months (12.1-14.6 months) with increased survival in the number of patients treated at 2 years from 10% to 26%. [4] [5] [6] This approach combining TMZ with radiation therapy is the Stupp protocol and consists of concomitant chemotherapy with TMZ at a dose of 75 mg/m 2 /day given 7 days a week, starting on the first day of radiotherapy to the last day, and not exceeding 49 days.
Following a 4-week break, the patient receives adjuvant TMZ 5 days a week, every 28 days for up to six cycles. 4 The survival benefit persists at 5 years, 6 with a survival of 9.8% versus 1.9% for those who received combination therapy versus those receiving radiation alone. Hegi et al identified a distinct survival advantage in patients with methylated O 6 -methylguanine-DNA methyltransferase (MGMT) status receiving TMZ compared to those who received radiation alone, with a median survival of 21.7 months versus 15.3 months, respectively. 7, 8 The promoter methylation of MGMT achieves epigenetic silencing of MGMT which helps DNA repair, thus compromising its gene repair activity following treatment with an alkylating agent like TMZ. MGMT methylation has been established to be a prognostic factor, regardless of treatment modality. Hegi et al demonstrated the median overall survival (OS) among patients with promoter methylation of MGMT to be 18.2 months versus 12.2 months. 9 Unfortunately, in spite of these advances almost all HGGs progress. Repeat surgery, alternative chemotherapeutic agents, and in certain cases reirradiation therapy may be considered in a select subset of patients. 10 Historically, the response rates for patients with recurrent GBMs have been in the range of 5%-10%, with progression-free survival (PFS) at 6 months seen in only 10%-25% of these patients. 11 BEV (Avastin ® ; Genentech, Inc, San Francisco, CA, USA), a monoclonal antibody against vascular endothelial growth factor (VEGF), was granted accelerated approval on May 5, 2009 by the US Food and Drug Administration as a single agent for the treatment of patients with recurrent GBMs that have failed initial therapy. Since then, it has been used in the treatment setting of both primary and recurrent GBMs. The clinical efficacy, safety, practical aspects, and future implications involving the use of BEV in patients with HGG (mainly GBMs) are reviewed here.
Targeting VEGF
Folkman described tumor angiogenesis in the early 1970s, 12 with more recent studies confirming angiogenesis as a complex and dynamic process occurring during the growth of all solid tumors beyond 2-3 mm in size. Tumor growth is limited by the capacity of oxygen and nutrients to diffuse into the rapidly expanding core, necessitating the creation of new vascular networks (neoangiogenesis) to supply these various factors. 13, 14 Neoangiogenesis involves endothelial cell migration and proliferation, giving rise to new blood vessels. GBMs are one of the most vascular tumors known, thus making the factors associated with neoangiogenesis an attractive therapeutic target. 15 VEGF is one of the most important factors regulating angiogenesis. 16 There are five different isoforms of VEGF including VEGF-A, VEGF-B, VEGF-C, VEGF-D, and platelet-derived growth factor. Of these isoforms, VEGF-A is the cytokine most studied, being structurally related to platelet-derived growth factor and the cytokine that mainly promotes physiological and tumor angiogenesis. 17 Abnormal angiogenesis mainly occurs in the tumor microenvironment, making VEGF a suitable target. The possible mechanisms of efficacy of an anti-VEGF approach include normalization of tumor vasculature and inhibition of new vessel formation, causing hypoxia and decreased nutrient availability and at the same time improving drug delivery by facilitating uniform distribution. [18] [19] [20] However, enhanced drug delivery with the use of an anti-VEGF approach has been questioned recently. The interaction between GBM stem cells located in their perivascular niche and endothelial cells may also be disrupted by anti-VEGF agents, contributing to eventual cell death. 21, 22 In glioma models, preclinical data with the use of BEV demonstrated microvascular regression, normalization of mature blood vessels, and inhibition of new vessel growth. 23 BEV blocks the action of VEGF on its receptor and prevents the migration and proliferation of endothelial cells, which in turn decreases tumor vascularization and results in hypoxia and cell death.
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BEV in HGG
GBM is characterized by neovascularization with endothelial cell proliferation, disruption of the blood-brain barrier, and abnormal contrast enhancement. Large amounts of VEGF are present in these areas of endothelial proliferation and in areas of necrosis that develop as the tumor rapidly enlarges. 25, 26 BEV is a humanized form of a mouse monoclonal antibody against human VEGF, which binds to and neutralizes mainly VEGF-A and its various isoforms including VEGF121/144/165/189/205. [27] [28] [29] [30] It has a half-life of 17-20 days. 31 Clinical trials using BEV as a monotherapy as well as in combination with other cytotoxic chemotherapies has been reported in solid cancers such as metastatic colorectal cancers and lung cancer. 32 Here, BEV is discussed in three settings: (1) recurrent HGGs, (2) BEV in the newly diagnosed GBM setting, and (3) BEV in the setting of WHO grade III gliomas, and subsequently the steroid sparing effect, toxicity, and challenges associated with the use of BEV.
dramatic radiological improvement as well as improvement in the patients' neurological function. In their retrospective analysis of 29 patients treated with a combination of BEV and irinotecan, an overall response rate of 43% was observed, with one complete response, eight partial responses, and eleven patients with stable disease. There was one death that occurred secondary to intracranial hemorrhage and one due to gastrointestinal perforation. 33 This initial efficacy of BEV led to a Phase II trial by Vredenburgh et al in a total of 35 patients with recurrent GBMs, using BEV and irinotecan (CPT-11), a topoisomerase-1 inhibitor. 34 Their inclusion criteria were a minimum of 6 weeks following cranial surgery, a minimum of 4 weeks following radiation therapy and any other chemotherapy unless there was evidence of tumor progression on imaging, absolute neutrophil count of 1500, platelet count of more than 125,000, and hematocrit of 29. The exclusion criteria were evidence of hemorrhage on the baseline magnetic resonance imaging (MRI), prior treatment with BEV, or presence of a prior malignancy. They had two cohorts: an initial cohort of 23 patients using a dose of BEV at 10 mg/kg plus irinotecan every 2 weeks and a second cohort of twelve patients using a dose of BEV at 15 mg/kg every 21 days and irinotecan on days one, eight, 22, and 29. Their overall results in all 35 patients included a PFS at 6 months of 46% (95% confidence interval [CI] 32%-66%). A partial response was observed in 20 of 35 patients (57%; 95% CI 39%-74%), with the median OS in the study being 10.5 months. 34 The adverse events included one central nervous system hemorrhage and four patients developed thromboembolic complications.
The subsequent study conducted by Friedman et al, an open-label, randomized Phase II study evaluated BEV with and without irinotecan in 167 recurrent GBM patients. 35 Their inclusion criteria included progression of histologically confirmed GBMs at first or second relapse confirmed by MRI, initial treatment with radiation therapy and BEV, Karnofsky performance score $ 70, and adequate hematological, hepatic, and renal function. They excluded patients with history of hemorrhage, bleeding diathesis, coagulopathy, clinically significant cardiac disease, or recent treatment with anti-VEGF agents. Patients received BEV at a dose of 10 mg/kg alone or in combination with irinotecan at a dose of 340 mg/m 2 or 125 mg/m 2 (with or without concomitant enzyme-inducing antiepileptic drugs). A response rate of 37.8% and 28.2% in the BEV plus irinotecan (n = 82) and the BEV alone (n = 85) groups, respectively, and PFS at 6 months of 50.3% and 42.6% in the BEV plus irinotecan group and BEV alone groups, respectively, was seen in this study. Despite the higher response rate an OS of 8.7 months in the BEV plus irinotecan arm versus 9.2 months in the BEV alone arm was seen. The adverse events observed in the study included venous thromboembolism (BEV 3.6% and BEV plus irinotecan 8.9%), wound healing complications (BEV 2.4% and BEV plus irinotecan 1.3%), grade III gastrointestinal perforations (BEV plus irinotecan 2.5%), serious reversible posterior leukoencephalopathy syndrome (BEV plus irinotecan 1.3%), grade I intracranial hemorrhage (BEV 2.4%), and grade I, II, and IV intracranial hemorrhage (BEV plus irinotecan 3.8%). There were a total of three deaths attributed to adverse events: two patients in the BEV alone arm (one due to neutropenia and one to pulmonary thromboembolism) and one patient in the combined arm secondary to convulsions. 35 In an update to this study submitted by Cloughesy et al, up to 16% of patients were alive at 30 months, with adverse events being consistent with those in the primary study. 36 Another Phase II trial conducted by the National Cancer Institute used BEV monotherapy at a dose of 10 mg/kg every 14 days for a 28-day cycle. There were 48 pretreated recurrent GBM patients in the study, with PFS at 6 months being the primary endpoint of the study and MRI as well as positron emission tomography (PET) findings being the secondary endpoints. They found a median PFS of 16 weeks (95% CI 12-26 weeks), PFS at 6 months of 29% (95% CI 18%-48%), and a median OS of 31 weeks (95% CI 21-54 weeks). 37 The US Food and Drug Administration granted an accelerated approval for BEV in patients with recurrent GBM in May 2009 following the results of the BEV Alone or in Combination With Irinotecan for Treatment of GMB Multiforme (BRAIN) study and the National Cancer Institute study. 35, 37, 38 At the same time, the European Medicines Agency rejected the application for BEV registration in the treatment for recurrent GBM. They opined that a positive benefit-risk for BEV, either as a single agent or in combination with irinotecan, in the treatment of patients with recurrent GBMs had not been established because the evidence for efficacy was based on exploratory trial data. They did not consider the results in terms of objective response rate to be dramatic and the validity as a surrogate endpoint for clinical benefit had not been established. Additionally, the results presented in terms of OS and PFS were difficult to interpret owing to the lack of a randomized concurrent control. 39 
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BEv in the newly diagnosed HGG setting
Following the results of the various trials in recurrent GBMs (Table 1) , there has been considerable interest in evaluating the benefit of BEV in newly diagnosed GBMs. Narayana et al used BEV in conjunction with chemoradiation in 15 patients with newly diagnosed GBMs. 40 BEV was given at a dose of 10 mg/kg every 14 days for a 28-day cycle with concurrent radiation therapy to a dose of 59.8 Gy (1.8 Gy/ day) and TMZ at 75 mg/m 2 , which was then followed by BEV at 10 mg/kg every 14 days with TMZ at 150 mg/m 2 for 12 months. Thirteen patients (86.6%) completed this course of therapy with radiographic responses seen in 13 of 14 patients (92.8%). There were six patients of the 15 (40%) who relapsed, three were at the primary site and three No breakup was given for the two groups. Abbreviations: AA, anaplastic astrocytoma; AG, anaplastic glioma; All: All patients with high grade glioma; AO, anaplastic oligodendroglioma; Bv, bevacizumab; CR, complete response; CT, chemotherapy; GB, glioblastoma; MG NOS, malignant glioma not otherwise specified; NA, not available; OS, overall survival; PFS, progression-free survival; PFS-6, progression-free survival at 6 months; PR, partial response; SD, stable disease.
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showed diffuse involvement. The median follow-up time in the study was 12 months, and the 1-year PFS and OS rates were 59.3% and 86.7%, respectively. The toxicity noted with upfront therapy in this series included four patients with grade II hematological and nonhematological toxicity, three patients with grade III/IV nonhematological toxicity, and three patients with grade III/IV hematological toxicity, with thrombocytopenia being the most common.
The drug was also evaluated as first-line therapy for newly diagnosed HGGs, with the first Phase II study of first-line BEV with TMZ and radiotherapy for treatment of HGGs reported by Lai et al. 41 Their study, an open-label, prospective, single-arm Phase II trial combining BEV with radiation therapy and TMZ for newly diagnosed GBMs, enrolled 70 patients who received standard radiation therapy and concurrent TMZ biweekly (once every 2 weeks) followed by biweekly BEV with TMZ for 5 days in every 28-day cycle. Their study included all cases with a WHO histopathological diagnosis of GBM and gliosarcoma without any prior treatment, Karnofsky performance score $ 70, and no evidence of hematological, hepatic, or renal dysfunction. The standard exclusion criteria applied in their study and they did not take patients who only had a biopsy diagnosis without significant resection. They reported an OS of 19.6 months and PFS of 13.6 months, comparing favorably with the results from the Stupp (EORTC study) trial which had an OS of 14.6 months and PFS of 6.9 months. 6 The toxicity was generally well tolerated in the study with four wound infections and two central nervous system hemorrhages, both being extraparenchymal. The overall toxicity pattern in their trial correlated well with the known toxicities of TMZ and BEV, without any evident supraadditive effects.
More recently, Narayana et al reported on a larger cohort of patients treated in a first-line setting, (adding biweekly BEV to standard EORTC protocol) reporting on the efficacy and toxicity of 51 patients. 42 The efficacy was promising, with PFS at 6 months and 12 months noted as 85.1% and 51%, respectively, and 12-month and 24-month OS rates of 85.1% and 42.5%, respectively. There were ten patients (19.6) who experienced grade III/IV toxicity, but there were no treatment-related deaths. Of note, however, asymptomatic cranial bleeding was noted in five patients.
At present, there are two randomized Phase III trials evaluating the role of BEV in combination with TMZ and radiation therapy (both during the chemoradiation component and the adjuvant component of the EORTC/Stupp protocol) for untreated (newly diagnosed) GBMs. Radiation Therapy Oncology Group (RTOG) 0825 is a large Phase III trial targeting 720 patients and the other trial is the Effectiveness of Avastin in GBM (AVAGLIO) study targeting over 900 patients and sponsored by Hoffman-LaRoche (Basel, Switzerland). In November 2012 at the Society of Neuro-Oncology ASM, the AVAGLIO investigators presented the interim results of the AVAGLIO study which included the final PFS data and interim OS data. The result was positive for an improved PFS, with other positive outcomes in secondary endpoints such as quality of life. Specifically, the Investigator-Assessed PFS (Co-Primary Endpoint) had a 10.6 months median survival in the EORTC/Stupp protocol plus BEV arm compared to median survival of 6.2 months with the standard EORTC/ Stupp protocol with a stratified hazard ratio of 0.64 (95% CI: 0.55-0.74), P  0.0001 (i.e. a 36% relative reduction in the risk of progression or death). This benefit applied to all subgroups but was not statistically significant in patients KPS $ 70; MGMT methylated patients, patients with biopsy only. However, these subgroups were very small (and there was a trend to benefit in the BEV group for each of these 3 groups). In the arm receiving up-front BEV, there were statistically significant benefits in the five pre-specified domains of health-related quality of life (HRQoL) (secondary endpoints), namely Global Health Status, physical functioning, social functioning, motor functioning, and communication deficit; with longer median duration that patients were stable/ improved from baseline. The median duration those patients maintained a KPS $ 70 were 9 months in the BEV arm versus 6 months in the standard arm. In the BEV arm, 66% of patients who were on steroids at baseline discontinued their steroids compared with 47% on the standard arm. The time to steroid initiation for patients who had been off steroids at baseline was 12.3 months in the EORTC/Stupp plus BEV arm versus 3.7 months in the EORTC/Stupp arm with a stratified HR of 0.71 (95% CI:0.57-0.88), P = 0.0018. Overall, patients receiving BEV had a diminished steroid requirement.
There were no new serious adverse events or safety signals noted in the up-front setting. The patients on the EORTC/Stupp plus BEV arm were more likely to experience a serious adverse event (36.6% versus 25.7%) and were more likely to discontinue any treatment due to an adverse event (24.6% versus 13.2%). There was no significant increase in cerebral hemorrhage (2.6% versus 2.2% for all grades of cerebral bleed with 1.5% bleeds as $grade 3 versus 0.7%). There was more mucocutaneous bleeding in the BEV arm (26.7% versus 8.9%) but only 0.4% grade 3 or higher. There were slightly more wound-healing complications (3.7% versus 2.2%). There was an increase in arterial thromboembolic events (5% versus 1.6%) and a slightly lower incidence of venous thromboembolic events (7.8% all grades versus 9.6%). However, the incidence of hypertension was higher in the EORTC/Stupp protocol plus BEV arm, namely 37.5% versus 13.0% (with 10.3% versus 2.0% grade 3 or higher). Proteinuria was higher also (14% versus 4%). There was a slight excess of GI perforation (including GI fistula/ abscess) at 1.7% versus 0.2%; with abscesses/fistulae elsewhere 0.6% versus 0.4%.
It is unclear how this data from AVAGLIO may impact on practice. As at this interim analysis the OS did not cross the threshold for significance; the final OS data is expected in 2013 and may impact on the ultimate FDA recommendation. Despite the benefits noted in PFS, HRQoL, and KPS it is difficult to anticipate the ultimate recommendations in European and other settings, particularly if there is no confirmatory OS benefit. 43 Early data from published studies indicates the feasibility of using BEV in conjunction with chemoradiotherapy. 40, 41, 44 Data from the RTOG and AVA-GLIO trials with larger sample sizes will provide definitive evidence of the role of systemic antiangiogenic therapy. Issues of concern needing closer evaluation would include the optimal dose and timing to start treatment because wound healing problems may be potentiated when using combination therapy of BEV with radiotherapy/chemotherapy. Table 2 
BEv in the setting of WHO grade III gliomas
The median survival time for AG (anaplastic astrocytomas, anaplastic oligoastrocytomas, and anaplastic oligodendroglial tumors) is about 2-15 years, with pure oligodendroglial tumors having a better prognosis than astrocytic tumors. The anaplastic astrocytomas have a marginally better prognosis than GBMs. Without any prior existing standard recommendations to treat progression or recurrence in AGs, BEV as a monotherapy or in combination with irinotecan has been extensively used as a treatment option in patients with progressive AGs. Desjardin et al conducted a Phase II trial for 33 AG patients (25 anaplastic astrocytomas and eight anaplastic oligoastrocytomas) treated with BEV and irinotecan. 45 PFS at 6 months and OS at 6 months was 55% and 79%, respectively. In addition, the steroid dosage was decreased in 67% of the patients and partial response was reported in 61% of patients. Vredenburgh et al published their results of a Phase II trial using BEV and irinotecan in the recurrent HGG setting, which included nine AG and 23 GBM patients. 46 The median PFS was 23 weeks (20 weeks for the HGG group and 30 weeks for the AG group) with an overall radiologic response rate of 63% (six of nine in the AG group and 14 of 23 in the HGG group). The OS probability at 6-months was 72% with an overall PFS probability at 6 months of 38% (56% in the AG group versus 30% in the HGG group). There were two treatment-related deaths: one due to pulmonary thromboembolism and the other due to arterial ischemic stroke. Other toxicities observed in the study were thromboembolic complications in four patients and grade II proteinuria with resolution subsequent to discontinuing therapy in two patients, with no patient having any grade IV hematologic toxicity. At present in the absence of a high level of evidence, there is no definite role for BEV in the grade 3 setting.
BEV as a steroid-sparing agent
Steroids are used in the treatment of HGGs in order to reduce edema, restore blood-brain barrier function, and provide symptomatic improvement to the patient. The side effects of steroid use include weight gain, skin fragility, bleeding, infection, myopathy, lymphopenia, and hyperglycemia. 10, 47, 48 Hyperglycemia in itself may be associated with poorer outcomes in these patients (OS 9.1 months versus 14.5 months in the better glycemic controlled group). 49 The BRAIN study assessed corticosteroid use in recurrent GBMs treated with BEV. There was a sustained reduction in the use of corticosteroids in 30.2% and 46.5% and a complete reduction in 16.3% and 20.9% of patients on BEV and BEV plus irinotecan, respectively. 50 Kreisl et al reported a reduction by an average of 59% in baseline corticosteroid use in 58% of their recurrent GBM patients while on BEV as a single therapy. 37 Norden et al reported that 33% of their recurrent HGG patients had a reduction in the dose of corticosteroids used while on BEV. 52 Although this may have an effect on the patient health-related quality of life, this has to be viewed with cautious optimism because of the inadequate data and variable results from the available studies. The true efficacy of this approach can only be answered by conducting well-designed and powered prospective clinical trials in a cohort of patients where a second surgery may not be feasible, ensuring that health-related quality of life endpoints are prioritized. Current literature, however, supports the corticosteroid-sparing effects of BEV, and clinicians should be able to individually assess patients and decide on dose reductions that can be tolerated without causing adverse events related to early corticosteroid withdrawal.
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BEV and thromboembolism
Patients with HGGs have a particularly increased risk of venous thromboembolic events. 53 In a prospective study of 77 patients with HGG, the risk for venous thromboembolism at 12 months and 24 months was reported as 21% and 32%, respectively. 54 Most literature acknowledges venous thromboembolism risk being 20%-30% during the course of malignant glioma, with the risk extending throughout the course of the disease. 55, 56 Venous thromboembolism remains one of the most common management problems in patients with HGG and anticoagulant medications are the generally accepted treatment for this complication. 57 BEV, being an antiangiogenic agent, increases the risk of venous thromboembolism, and in addition there were initial concerns related to administering BEV therapy to patients on anticoagulant therapy; initially these patient were excluded from clinical trials, posing a challenge in the management of glioma patients receiving this drug since venous thromboembolism is so common.
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BEV and hemorrhagic complications
Another serious adverse effect associated with the use of BEV is hemorrhagic complications such as intracranial hemorrhage, epistaxis, and gastrointestinal bleeding. 52, 59 In a study of 21 patients on simultaneous treatment of BEV with anticoagulants, only one out of five patients who developed intracranial hemorrhage was found to have actual hemorrhage-related symptoms. Hence, these authors too did not consider BEV use a contraindication to therapeutic anticoagulation in HGG patients with venous thromboembolism. 60 Norden et al assessed the risk and severity of hemorrhagic complications in a large cohort of 64 glioma patients receiving BEV with concurrent anticoagulation and compared them to 218 patients who did not receive anticoagulation. The results indicated that both the rate of intracranial hemorrhage of any grade and rate of serious hemorrhage (at least grade III) were significantly higher in the patients who received concurrent BEV and anticoagulation compared to those only on BEV (P = 0.02 and P = 0.03, respectively). However, the rate of serious intracranial hemorrhage remained within an acceptable range. Therefore, they supported the concurrent use of therapeutic anticoagulation and BEV in patients with symptomatic venous thromboembolism.
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Other toxicities related to BEV Unique adverse events associated with the use of BEV make it essential to carefully select and monitor patients in neurooncology practice. 62, 63 There is an increased risk of bleeding and submit your manuscript | www.dovepress.com Table 3 Imaging criteria to assess response to therapy
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Criteria
Definition
Advantages Limitations
MacDonald's criteria • Irregular shape of GBMs makes use of largest cross sectional area inaccurate
• Non-enhancing portions of tumor and necrotic regions may not be taken into account or measured
• Response evaluation based on finding a difference in the largest crosssectional area of tumor on contrastenhanced CT or MRI is difficult with antiangiogenic therapy.
Computer-aided volumetric methods
87
• Semi-automated tumor-segmentation software determines tumor volume
• Images perimeters adjusted by a neuroradiologist • Program calculates an enhancing volume, a non-enhancing volume and total lesion volume in cubic centimeters.
• Increased measurement accuracy • Measures both the enhancing and non-enhancing components
• Can be used to measures volumetric changes on FLAIR/ T2 WI serially to assess response to therapy and identify early progression
• Measurement variation is low 
Recommended dosing
The recommended dose of BEV as monotherapy is based on the previous reported trials (Tables 1 and 2 ). For recurrent wound complications, with spontaneous opening of the craniotomy wound (ie, wound dehiscence) being reported as late as 2-6 months following therapy (2% of patients). 64 Other common systemic side effects are fatigue, hypertension, proteinuria, epistaxis, and rarely skin toxicity. 29 Most of these toxicities appear to be the result of VEGF disruption in normal tissues.
Serious adverse events occur in 2% of patients using BEV and include gastrointestinal perforation, reversible posterior leukoencephalopathy, and cardiac failure. Life threatening intracsubmit your manuscript | www.dovepress.com
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HGGs, the recommended dose is 10 mg/kg bodyweight given intravenously once every 2 weeks (biweekly) until toxicity or progression occurs. 10 An alternative would be 7.5-15 mg/kg bodyweight given intravenously once every 3 weeks and this could vary depending on the indication. 68 The drug is initially administered intravenously over 90 minutes; if well tolerated, the second time is administered over 60 minutes, and then subsequent treatments are usually given as an infusion over 30 minutes. No standard recommendations for newly diagnosed HGGs exist and the data from the prospective RTOG 0825 and AVAGLIO studies will provide more information in this setting.
Patients on enzyme-inducing antiepileptic drugs and anticoagulants can remain on these drugs without potentiating any further significant increased risks. 34, 46 There is no evidence suggesting an increased risk of hemorrhage (intracranial or extracranial) with or without the concurrent use of BEV with anticoagulants. 60 If any of the adverse events mentioned do occur, the drug should be discontinued. Hypertension and proteinuria should be carefully monitored during each visit and dosing interval. Hospital-based and clinical trial protocols should carefully take into account all the above factors in the care of patients on BEV. If the patient is to undergo any planned open surgical procedure, BEV should be stopped 4-6 weeks prior to any procedure, in view of its long half-life, and should not be recommenced for a minimum of 4 weeks postoperatively (and ensuring the wound is well healed).
10
Imaging challenges and novel modalities to assess radiological response following BEV treatment
Imaging of tumor responses following radiation and chemotherapy is a valuable biomarker in the assessment of treatment response and OS.
Until recently, the most widely used criteria to assess response to various therapies in HGGs are the MacDonald criteria, introduced about 20 years ago. There are, however, limitations with the use of these criteria, but without any alternatives they have remained the standard to assess responses to therapies in HGGs. However, more recently newer criteria are being evaluated to assess response in HGGs and the various methods used are discussed in Table 3 .
The abnormal vasculature in HGGs makes them permeable to contrast agents. Antiangiogenic drugs such as BEV decrease their permeability, leading to a reduction of contrast leakage into the tumor and thus altering the image characteristics on contrast-enhanced imaging. This makes it difficult to assess the actual radiologic response rate because if the MacDonald criteria are used, this can lead to a falsely high response rate (due to the decrease in contrast enhancement) or what is now referred to as a "pseudoresponse." An example of the early radiological response with BEV can be seen in a 53-year-old patient with a progressive multifocal GBM treated with BEV. His axial images reveal two adjacent posterior fossa lesions, one in the left cerebellar hemisphere and the other extending into the cerebellar peduncle and infiltrating the brainstem. Both the lesions have uniform contrast enhancement, along with ill-defined irregular margins and there is diffuse hyperintense involvement seen on the fluid attenuation inversion recovery images ( Figure 1A and B) . About 5 weeks following treatment with BEV, the contrast enhancement is significantly decreased along with the fluid attenuation inversion recovery changes (Figure 2A and B) . Iwamoto et al reported the inadequate evaluation of disease status with contrast-enhanced MRI, with a nonenhancing tumor being a more significant indicator of recurrence with BEV-treated patients. 69 The change in recurrence patterns of GBM was also reported by Norden et al, where a nonenhancing infiltrative tumor was seen to progress while contrast enhancing component regressed. 52 A new reporting protocol, Response Assessment in Neurooncology (RANO), has been established by an international neurooncology and neuroradiology working group. The criteria continue to rely on two-dimensional measurements with a precise definition for measurable (.10 mm diameter) and nonmeasurable disease (10 mm diameter).
The other issue that the RANO criteria aim to address is the issue of pseudoprogression, which has been recognized as a common phenomenon (in 20%-30% cases or up to 50% in some series). Pseudoprogression is defined as an increase of contrast enhancement and/or edema on MRI without true tumor progression, and classically occurs within 3 months of completion of chemoradiation (but can occur beyond this timeframe). 70 Interestingly, pseudoprogression appears more commonly in patients with MGMT promoter methylation. 71 In view of this phenomenon, RANO criteria distinguish between the MRIs within 12 weeks of chemoradiation and those beyond that timeframe.
Newer imaging modalities include dynamic susceptibility contrast MRI to measure relative cerebral blood volume, relative cerebral blood flow, and mean vessel density; dynamic contrast-enhanced MRI to measure vascular permeability; diffusion MRI to measure tissue density; magnetic resonance spectroscopy to measure tumor metabolites; and a variety of PET tracers to measure different physiologic tumor processes. These are described in detail in Table 4 . • Prognostic value for standard treatment (chemotherapy and radiation) 134 • Predictive value for response to anti-angiogenic therapy 135 • Differentiating true progression from pseudoprogression 136 • Accurate perfusion imaging requires significant expertise to correct for BBB leakage effects
• There is a critical need to standardize this technique to permit comparison across centers
• Prone to susceptibility artifact and geometric distortion especially at bone-brain-air interface Dynamic contrast-enhanced imaging (DCE) -Sorensen et al have calculated a 'vascular permeability index' by combining the value of K-trans (rate at which contrast material moves from vasculature into the extracellular space), micro-vessel volume, and circulating collagen Iv after a day of anti-vEGF therapy to predict OS and PFS
137
• Prognostic value for standard treatment (chemotherapy and radiation) 138 • Predictive value for response to antiangiogenic therapy 137 • Requires standardization and expertise across various centers • Susceptibility artifact remains high as in DSC imaging DWI Measures the diffusivity of water within brain tissue and can provide apparent diffusion coefficient maps (ADC) which correlates well with cell density and proliferation. 139 Edema increases interstitial fluid, thereby increasing ADC whereas dense structures have lower ADC values.
140
Help measure non-enhancing tumor and does not require the administration of contrast dye Greater the density of the structure impeding water mobility, the lower is the ADC value and hence is a noninvasive marker of cellularity. ADC values can be potentially used to determine response of tumorsto BEv, since ADCs are influenced by cellularity, necrosis and edema. 141 The rate of change of ADC maps within regions of T2 abnormality has been shown to be an early predictor of progression, time to progression and OS subsequent to treatment with BEv. Can be used as an early biomarker of GBM progression Early differentiation of progression from pseudoprogression Not available at all centers Requires expertise and training to read scans Cost
Abbreviations: MRI, magnetic resonance imaging; BEV, bevacizumab; rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; MVD, mean vessel diameter; DWI, diffusion weighted images; ADC, apparent diffusion coefficient; DTI, diffusion tensor imaging; PET, positron emission tomography submit your manuscript | www.dovepress.com
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Dynamic susceptibility contrast MRI uses rapid echoplanar measurement of T2-weighted changes after injecting the bolus of contrast-like gadolinium. The signal drop by passage of contrast agent through the tissue is used to calculate the relative cerebral blood volume and relative cerebral blood flow. By comparing spin and gradient echo dynamic susceptibility contrast images, blood vessel diameter can be measured. 72 Dynamic contrast-enhanced MRI has been used to predict clinical outcome by combining it with biomarkers. Glioma proliferation is marked by indices such as Ki-67 which strongly correlates with fluorothymidine (FLT; 3′-18F-fluoro-3′-deoxy-L-thymidine) analog uptake. 73, 74 FLT is a promising tracer used in PET imaging and acts as a marker for tumor cell proliferation and is presently used mostly in a research setting. Increased FLT uptake correlates with DNA synthesis and tumor proliferation. In the presence of antiangiogenic therapy where standard imaging is not reliable, FLT PET scans may be able to more accurately assess glioma progression as shown by Chen et al.
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18F-fluoromisonidazole PET predicts hypoxia and increased uptake is associated with poorer survival and a more aggressive tumor.
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Assessing optimal clinical trial endpoints for BEV therapy
Optimal endpoints for identifying the efficacy of antiangiogenic drugs in HGGs remain a challenge because of the use of multiple agents with different mechanisms of action and variable affects on imaging. 77 Clinical trials designed to assess new treatments in HGGs use a standardized approach. 78 There are three phases in trials. Phase I studies primarily assess toxicity of the drug as its endpoint and secondarily characterize its pharmacokinetics. Phase II studies use radiographic response rates and clinical status evaluations, which often include PFS at 6 and 12 months as the primary endpoint. Radiographic criteria used in Phase II studies assume that measurement of radiographic response is a valid surrogate for a response to the drug. Due to the random nature of timing in imaging, PFS using clinical criteria such as the patients' neurological status and/or a decline in Karnofsky performance score by .20 is a better indicator to evaluate the drug as compared to disease progression on imaging studies. 79 PFS is dependent on radiological findings, which may be confounded by factors such as pseudoresponse and pseudoprogression as well as the inability to objectively quantify radiologic progression. Phase III studies generally use OS as the endpoint, comparing it to whichever agent or modality is the best available standard therapy (often referred to as the "gold standard"). OS, however, has its limitations, as factors related to disease biology may produce variable outcomes; studies need longer assessment times; the impact of salvage (or crossover) therapy can impact on eventual OS figures; and studies require a greater sample size (making them considerably more expensive).
Response Evaluation Criteria in Solid Tumors (RECIST) criteria, introduced in 2000 and recently updated to RECIST 1.1 in 2009, using one-and two-dimensional imaging have been used in the assessment of systemic malignancies. 80, 81 Studies comparing RECIST criteria with two-dimensional, three-dimensional, and volumetric measurements in gliomas have shown good concordance but have not been used to validate prospective trials. 82, 83 Conventionally the response of treatment in HGGs is assessed using contrast-enhanced MRI and computed tomography scans and the MacDonald criteria.
The limitations of the MacDonald criteria, as already alluded to above, include variability between observer measurements, inability to assess the noncontrast enhancing component of the tumor, irregular-shaped tumors which are difficult to measure, no guidance in the assessment of multifocal tumors, and difficulty measuring enhancing lesions in the wall of cystic or surgical cavities. [84] [85] [86] [87] The responses are defined as complete response, partial response, stable disease, and progressive disease and use contrast-enhancement for categorizing a response. Contrast enhancement is nonspecific and a number of factors can effect this including the variability in contrast injections, use and dose of corticosteroids at the time of imaging, postsurgical changes, inflammatory changes, infarction, seizures, and the effects of radiation therapy. [88] [89] [90] [91] The modified MacDonald criteria also include a category of minor response that has been described earlier in this section.
With the evolution of various therapeutic modalities, the increasing use of concurrent chemoradiation therapy, and newer antiangiogenic therapies affecting the permeability of the blood-brain barrier, it has become more difficult to objectively assess response using the MacDonald criteria. Due to the unreliability and limitations of conventional imaging in assessing treatment outcome, the RANO Working Party has proposed updated criteria to more accurately monitor the efficacy of anti-VEGF therapies. In patients on VEGF therapy, to determine tumor response, the RANO criteria take into account measurable and nonmeasurable disease, changes taking place on patients' imaging in the first 12 weeks after radiation therapy versus the first 12 weeks of immunotherapy treatment, strict criteria for eligibility and progression in clinical trials, and inclusion of nonenhancing disease with the T2-weighted and Figure 3 Mechanisms of resistance to BEv appear to be of two major types. Notes: The first being mechanisms that develop in ECs. ECs can possess primary resistance to VEGF therapies (BEV) and not have any initial response to treatment; this may be a reason for unresponsiveness in certain patients. An alternative mechanism of EC resistance is acquired secondary to fusion with malignant cells followed by altered genetic characteristics such as chromosomal aberrations and aneuploidy, making them resistant to antiangiogenic agents. They may thus become activated via alternative pathways via ligand-independent mechanisms and by recruiting factors other than vEGF (eg, FGF and SDF-α). An alternative pathway of resistance lies with the malignant glioma cells themselves and could involve increased invasiveness, upregulation of altered p53 variants, and recruitment of pericytes, which are proangiogenic and release factors such as Ang-1. Additionally, it could involve the release of factors such as PlGF, which recruit myeloid cells. Myeloid cells produce various cytokines such as IL6 and IL8, which are proangiogenic and resistant to various antiangiogenic therapies. Abbreviations: Ang-1, angiopoietin-1; BEV, bevacizumab; CED, cediranib; EC, endothelial cell; FGF, fibroblast growth factor; IL, interleukin; p53, protein-53; PlGF, placentalderived growth factor; SDF-α, stromal-derived factor-α; vEGF, vascular endothelial growth factor. fluid attenuation inversion recovery sequence images. Newer imaging modalities will also be taken into account, such as physiological imaging and diffusion imaging with restricted diffusion indicating tumor progression, and will be used to assess clinical trial endpoints. [92] [93] [94] Other criteria which could be used to supplement the primary endpoints and provide meaningful insight and data into tumor response and progression include neurocognitive function, neurological status, corticosteroid use, and health-related quality of life. All these secondary endpoints submit your manuscript | www.dovepress.com Dovepress Dovepress could provide important information to incorporate into the design of trials.
Mechanisms of resistance to BEV
Although a number of strategies have been utilized in the treatment of these tumors, most treatments eventually fail, with tumor progression and disease-related death as the ultimate outcome. In some patients, treatment failure occurs without any initial response to the drug. Two questions need to be critically evaluated. (1) Why do some patients respond whereas others do not? (2) For those who initially respond, what factors lead to therapy failure, with the tumor subsequently progressing extremely rapidly?
HGGs appear to develop adaptive responses to the therapies, leading to resistance to these treatments and the loss of a drug-induced response. Clinical and preclinical studies hypothesize some sort of fusion between endothelial cells and malignant cells enabling them to acquire genotypic alterations, such as aneuploidy and abnormal chromosomal architecture. 95, 96 Spontaneous genetic mutations within the endothelial cells may lead to altered targets, alternative pathways, and resistance to agents inhibiting neoangiogenesis ( Figure 3) .
Endothelial cells may become activated via ligandindependent mechanisms, and in those cases targeting receptors may be a less effective method of inhibiting angiogenic signal pathways. Experimental spontaneous mouse tumor models have shown VEGF receptor-2 blockade initially disrupts angiogenesis but the late-stage tumors become resistant, inducing other hypoxia-related factors including fibroblast growth factor and angiopoietins (angiogenic rescue). 97, 98 These models demonstrate a blockade of single angiogenic factors causes a switch, with a changeover to alternate pathways. Though we would have expected decreased levels of VEGF in the context of VEGF inhibitors, a paradoxical response involving increased measured levels of VEGF has sometimes been seen in tumors when anti-VEGF drugs are used. Other mechanisms of developing resistance include cluster of differentiation-11b+/Gr1+ myeloid cells infiltrating the tumor and producing cytokines interleukin-6 and interleukin-8 to induce tumor angiogenesis. 99 Cytotoxic chemotherapy using myeloid suppression may improve therapeutic benef it when combined with anti-VEGF therapy and is the strategy used in combinatorial drug regimens. Tumor stem cells also contribute via "selection of the fittest" cells, which are resistant to antiangiogenic agents used.
Other proposed mechanisms by which they circumvent antiangiogenic actions include upregulating alternative proangiogenic pathways (basic fibroblast growth factor and platelet-derived growth factor), conversion from angiogenesis to the cooption of adjacent vasculature from the normal parenchyma resulting in a vasculocentric growth pattern, an increase in glioma invasiveness by upregulation of proinvasive molecules, selective overgrowth of protein-53 mutated glioma cells resistant to the effects of hypoxia, the recruitment of pericytes stabilizing the tumor vasculature, and expressing endothelial survival factors such as angiopoietin-1 along with colonization by bone marrow proangiogenic precursors. 97, [100] [101] [102] [103] [104] [105] [106] Another contributor to the anti-VEGF ligand effects is the production of placental-derived growth factor, a pleiotropic cytokine that stimulates endothelial cell growth, migration, and survival. This factor also attracts bone marrow-derived precursors, which are resistant to the effects of antiangiogenic therapy. 107, 108 The explanation for the primary intrinsic resistance to antiangiogenic therapies could possibly lie in the fact that patients harboring certain tumor types have a preexisting predilection to use proangiogenic pathways alternate to the VEGF pathways and appear unresponsive both radiologically and clinically. 109 BEV has also been reported to induce a more invasive tumor phenotype by expressing insulin-like growth factor binding protein-2 and matrix metalloprotease-2 in GBMs.
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Horizon scanning post BEV
Withdrawal of BEV in cases of progressive disease, or following significant drug-related toxicity, can result in a rapid regrowth or rebound phenomenon on imaging with a clinical decline and median OS of only 47.5 days. 111 Various reports indicate the need to gradually taper off BEV or to continue it along with other alternate chemotherapy regimens. Quant et al retrospectively analyzed their data for patients who progressed on BEV and reported a poor median PFS of 37.5 days and PFS at 6 months of 2%. 112 Torcuator et al looked into the role of salvage irradiation once progressive disease has occurred on BEV. 113 The median PFS was 2.6 months versus 1.9 months in the group of patients who underwent salvage irradiation with concurrent BEV combined with a different chemotherapy as compared to having no radiation and combining BEV with a different chemotherapy. Reardon et al in a recent meta-analysis of five recurrent GBM trials concluded that outcome following BEV failure is poor and continuing BEV improves OS compared to any other presently available therapies.
In the absence of any other therapies which can produce comparable results to BEV, limited data exist as to the best therapy following progressive disease. Prospective randomized studies evaluating the role of repeating radiation therapy needs to be further evaluated in the setting of new combination chemotherapy. Cilengitide, an antiintegrin inhibitor, is being evaluated in combination with BEV as a first-line treatment for recurrent disease as well as in the setting of disease progression on BEV at Duke University (Durham, NC, USA).
Partnering BEV with other agents both old and new in a prospective randomized manner will hopefully provide more answers and come to the forefront where no treatments are presently available. An Australian study (Carboplatin and BEV in Recurrent GBM Multiforme [CABARET] ) is comparing BEV alone to BEV plus carboplatin and will be evaluating the predictive role of an early MRI (at 4 weeks). The second part of the study will also randomize patients who have progressed to further chemotherapy with or without ongoing BEV. Neurocognitive endpoints are also incorporated into the study design. 115 The ongoing RTOG 0825 and the AVAGLIO studies which are nearing completion will provide more information on the feasibility, efficacy, dosing, and toxicity of BEV as an upfront therapy in HGGs. Until there are more data, BEV will likely remain a cornerstone of therapy in the progressive/ recurrent HGG disease setting for the neurooncologist in the US (with its use in Europe and other countries limited by registration and financial constraints).
The limited response seen with available regimens of antiangiogenic therapy necessitates continuing investigations that will determine the best use of BEV for newly diagnosed or recurrent tumors. The results from these Phase III trials will establish the optimum combinations with radiation, cytotoxic chemotherapy, and other newer targeted therapies. As the understanding of mechanisms of resistance to antiangiogenic therapies are further elucidated, better selection of patients will be crucial to improve outcomes for treating malignant gliomas.
Conclusion
As BEV becomes more widely used in neurooncology, the results of these initial studies remain encouraging. However, malignant gliomas eventually progress due to their resistance to current drug therapies. Targeting GBM stem cells, development of drugs that block the invasion of glioma cells, and combinations of these approaches remain ongoing challenges for physicians treating this devastating disease. The future availability of new guidelines and imaging techniques for assessment of endpoints in various types of neurooncology trials are being made by an international working group with an effort to optimize the evaluation of these experimental agents on HGGs. Antiangiogenic therapies play an important role in the treatment pathway of these extremely malignant tumors, and future clinical trials will address a number of unanswered questions.
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